Abstract Chronic cardiovascular disease is associated with air pollution exposure in epidemiology and toxicology studies. Inhaled toxicants can induce changes in serum bioactivity that impact endothelial inflammatory gene expression in vitro and impair vasorelaxation ex vivo, which are common precursors to atherosclerosis. Comparisons between single pollutants and common combustion mixtures, in terms of driving such serum inflammatory and vasoactive effects, have not been characterized. Healthy C57BL/6 mice were exposed to a single 6-h period of contrasting pollutant atmospheres: road dust, mixed vehicle emissions (MVE; a combination of gasoline and diesel engine emissions) particulate matter, mixed vehicle emissions gases, road dust plus ozone, road dust plus MVE, and hardwood smoke. Serum obtained from mice 24 h after these exposures was used as a stimulus to assess inflammatory potential in two assays: incubated with primary murine cerebrovascular endothelial cells for 4 h to measure inflammatory gene expression or applied to naïve aortic rings in an ex vivo myographic preparation. Road dust and wood smoke exposures were most potent at inducing inflammatory gene expression, while MVE atmospheres and wood smoke were most potent at impairing vasorelaxation to acetylcholine. Responses are consistent with recent reports on MVE toxicity, but reveal novel serum bioactivity related to wood smoke and road dust. These studies suggest that the compositional changes in serum and resultant bioactivity following inhalation exposure to pollutants may be highly dependent on the composition of mixtures.
Introduction
Air pollution exposure is associated with adverse cardiovascular outcomes [3, 18] despite limited direct systemic absorption or translocation of pollutant components into the body [15, 19, 20] . In recent studies, serum or plasma obtained after pollutant exposures has been shown to possess a pathologic bioactivity capable of inducing inflammation, arresting growth, and impairing vasodilation in cell culture or isolated organ experiments [5, 10, 21] . Because these studies employed such varied pollutants as diesel exhaust, nitrogen dioxide, ozone, and nickel nanoparticles, it is difficult to gauge the relative potency of these pollutants in driving a serum-borne bioactivity without head-to-head experiments.
Ambient air pollution is comprised of a complex and dynamic mixture of gaseous and particulate substances that may all have varying cardiovascular impact [27] . Emissions arising from traffic have been shown to have a focused impact on cardiovascular outcomes in epidemiological studies [8, 23] , and diesel exhaust inhalation impairs vasoreactivity in healthy individuals [16] . However, overall ambient air pollution remains an important contributor to chronic cardiovascular disease, and numerous source apportionment studies have drawn different conclusions regarding the relative potency of ambient airshed constituents. A recent examination of cardiovascular hospital admissions in the northeast USA implicated road dust contributions, more so than motor vehicles, oil combustion, sea salt, or regional sources, as being a principal driver [2] . However, earlier studies suggested a stronger association with mobile source emissions and cardiovascular hospital admissions [23] . The current lack of understanding of the pathogenesis on cardiovascular health impacts of inhaled materials substantially impedes our ability to derive congruous conclusions from large-scale population studies.
The overarching hypothesis of the present work is that inhaled materials lead to compositional changes in the blood that are then conveyed by the circulation to vulnerable sites, such as atherosclerotic regions of the coronary or cerebrovascular arterial beds, and there the bioactive serum may promote inflammatory responses or impair vasodilation. Given the myriad potential compositional changes of the circulation, the present study utilizes two related functional outcomes, inflammatory response, and vasorelaxation, under an endothelial cell biosensor assay paradigm. Using healthy mice exposed to a battery of varied complex pollutant atmospheres, we examined the relative impact of serum changes on inflammatory and vasoactive impairments.
Methods Animals
Male C57BL/6 (Jackson Laboratories) and apolipoprotein E-null (ApoE -/-; Taconic Laboratories) mice were obtained at 6-8 weeks of age and quarantined for 14 days prior to exposures. Mice were housed in standard shoebox caging under AAALAC-approved conditions for temperature and humidity, with food and water available ad libitum, except during exposures. Following exposures, mice were euthanized by humane means (pentobarbital) and tissues collected. For myograph experiments, male C57BL/6 mice were also used as donors for aortic rings. Donor mice were euthanized via exsanguination while under anesthesia (isoflurane; concentration 1.5-2 %). All procedures were approved by both the University of New Mexico and the Lovelace Respiratory Research Institute Animal Care and Use Committees.
Exposures
All exposures with C57BL/6 mice were conducted for a single 6-h period, and serum was obtained 18 h following the cessation of exposures (N = 6 per group). All exposure systems have been rigorously characterized in terms of chemical composition, and each is described in brief, below. Exposures were conducted in 1-or 2-m 3 whole-body rodent inhalation chambers (Lab Products, Inc., Maywood, NJ) that were ventilated with exposure atmospheres at *500 lpm, for a residence time of approximately 4 min. The chambers contain sampling ports above each cage unit to facilitate characterizing spatial homogeneity of exposures and to provide multiple sample locations for exposure characterization (Fig. 1) . During the exposures, concentrations of particulate matter were measured by gravimetric analysis of filter samples three times during each exposure. For each exposure condition, a matched cohort of mice exposed to filtered air (FA) was included as a sham control group.
Road dust was obtained from roadway surfaces on residential streets and urban arterials in Phoenix and Tucson, AZ [27] . Material was vacuumed from street surfaces with a commercially available, standardized, low-volume surface sampler (CS3, Inc., Sandpoint, ID). The sampler excluded particulate material [10 l during collection. Particulate samples were subsequently sieved on an orbital shaker, and the finest fraction (\38 lm bulk material diameter) was retained. Aerosol generation was conducted with a Wright dust feeder that was coupled to a PM2.5 cyclone on the effluent stream to remove particles [2.5 l. This size-selective cut was used to ensure that the material was in the respirable range for a rodent.
Ozone was generated using a Sander Ozonisator (Model IV, Sander Company, West Germany), diluted to 0.3 ppm, and monitored with a Teledyne Ozone Analyzer (Model 465L, Teledyne, San Diego, California).
Mixed vehicle emissions (MVE) were generated by combining exhausts from a diesel generator (single-cylinder, 5500-watt, Yanmar diesel engine generator [13] using Number 2 Diesel Certification Fuel) pulling a constant 90 % load during operation with a gasoline engine (1996 General Motors 4.3 L V6 gasoline engine) connected to an eddy current dynamometer [14] . The ratio of diesel PM to gasoline engine PM was approximately 5:1, but gasoline contributed greater ratios of gaseous components. Oxides of nitrogen (NOx) and carbon monoxide (CO) concentrations were monitored and recorded at approximately 30-to 60-min intervals throughout the exposures.
Wood smoke was generated by a Pine Ridge woodburning stove burning a supply of solid oak logs.
National Particulate Component Toxicity Initiative Study
Additionally, serum was available from previous studies using 50-day exposures in ApoE -/-mice. In the present manuscript, serum from road dust, road dust with MVE gases, and MVE gases were used in in vitro assays, described below. These exposures are described in detail elsewhere [27] and are the basis for exposures above.
Serum Inflammatory Potential
Cell culture of murine cerebrovascular endothelial cells (mCECs) and isolation of RNA was performed similarly to previously described methods. Briefly, mCECs were obtained from a commercial vendor (Cell Biologics). Serum from each subject was added to individual wells of a 24-well plate at a ratio of 1:40 (2.5 %) with complete culture media and incubated for 4 h at 37°C. Following incubation, cell supernatants were collected, mCECs were washed with PBS and lysed, and immediately cell lysates were pooled and collected for RNA purification. Total RNA was isolated using RNeasy Mini Prep Kits (Qiagen), and RNA was reverse-transcribed using High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems) prior to quantitative real-time PCR (qPCR) assessment of endothelial adhesion markers. Amplification of target message was performed in TaqMan Ò Universal Master Mix following manufacturer's recommended conditions with TaqMan Ò Gene Expression Assays for inflammatory markers included the arachidonic acid metabolizing enzyme cyclooxygenase-2 (COX2 aka PTGS2), adhesion molecules (ICAM1, VCAM1), and cytokines (IL-6, CXCL1, CCL2, and CCL5) with endogenous TATA box-binding protein (TBP) as the housekeeping gene. Relative gene expression was analyzed by the 2 -DDCT method [11] using a relative amount of mRNA for each sample normalized to TBP. Ex Vivo Serum Effects on Vasorelaxation Serum from exposed mice was applied to aortic rings from naïve mice to assess the impact on acetylcholine-mediated relaxation, similar to that previously described [21] . Briefly, thoracic aortas were isolated from naïve C57BL/6 mice and cleaned of connective tissue. Ring segments of aorta (2-3 mm length) were then mounted in a myograph system (610 M; DMT, Inc., Atlanta, USA), submerged in physiological salt solution (composition in mM: 119.0 NaCl, 25.0 NaHCO 3 , 5.5 glucose, 4. After a 30-min equilibration period, vessels were incubated with 1 % serum obtained from WT mice following exposure to FA or other pollutant atmosphere (N = 5-7 per group). To generate a control relaxation curve for the various atmospheres, serum from one to two mice per control group was used and the data from these ACh-response curves were pooled (n = 7). This allowed for control data to be collected in parallel with all other atmospheres. Addition of serum to the myography bath induced contraction of aortic rings, and cumulative concentration-response curves to ACh (10 -9 -10 -4 ) were plotted after the response to serum had stabilized (approximately 20 min). Data were acquired by a MacLab/4e analogue-digital convertor displayed through Chart TM software (AD Instruments, USA). Relaxation data are expressed as a percentage of serum-induced contraction, with baseline tension subtracted.
Statistics
Serum effects on gene expression were compared by an unpaired Student's t test with each exposure linked to the simultaneously conducted FA control group. Subchronic studies in ApoE -/-mice were compared with an ANOVA with Dunnett's multiple comparison test. Myographic studies were compared with a two-way analysis of variance considering exposure and acetylcholine concentration as the two factors, and post hoc comparisons at specific acetylcholine concentrations were conducted using a Fisher's least significant difference test (GraphPad Prism, v 6.0). To generate a control relaxation curve for the various atmospheres, serum from one to two mice per control group was used and the data from these ACh-response curves were pooled (n = 7). Other comparisons were conducted with a standard one-way analysis of variance.
Results

Exposure Generation
Particulate matter and gas concentrations for each exposure atmosphere, both target and measured values, are shown in Table 1 . Filtration of the MVE atmosphere effectively removed approximately 96 % of particulate mass compared to the pre-filtration atmosphere. In contrast, denuding the MVE atmosphere to reduce the gaseous fraction effectively removed 84 % of NOx and 85 % of CO compared to the pre-denuded atmosphere.
In Vitro Serum Inflammatory Potential
We analyzed a panel of inflammatory markers expressed in cultured endothelial cells at the mRNA level, as an indicator of the cumulative inflammatory potential of serum from exposed mice. Serum obtained from C57BL/6 mice exposed for a single 6-h period to road dust was able to potently induce several inflammatory genes, namely cytokines IL-6, CXCL1, CCL2, and CCL5 (Fig. 2) . Interestingly, serum from mice exposed to road dust ? MVE did not display this inflammatory induction on endothelial cells. Consistent responses were observed with serum from road dust ? O 3 , however, with endothelial transcription of CCL2, ICAM-1, and VCAM-1 being significantly elevated. Serum from mice exposed to MVE PM or MVE gases failed to elicit any induction of the inflammatory genes that were assessed in cultured mCECs.
Given the divergent responses between road dust and road dust ? MVE, we retrieved banked serum from previous studies on these pollutant atmospheres [27] . This previous research involved the exposure of ApoE -/-mice to road dust (the same source material and concentration used in the single-day exposure), road dust ? MVE gases, and MVE gases, albeit for a subchronic study design (6 h/day 9 50 days) [27] . In co-incubations with mCECs, we also noted that serum obtained from road dust had a substantial impact on expression of CXCL1, CCL2, and CCL5 (Fig. 3) . Combined with the gaseous fraction of MVE, however, road dust failed to confer such inflammatory potential on the serum, consistent with the 1-day studies (Fig. 2) . The MVE gas fraction alone was similarly ineffective at increasing serum inflammatory potential. These data suggest that certain gases in the complex mixture may act to inhibit inflammatory responses of endothelial cells or the formation of inflammatory intermediates in the serum.
Serum from Exposed Mice Impacts on Vasorelaxation
In contrast to inflammatory markers in cultured cells, serum from road dust and road dust ? O 3 exposure mice had no apparent effect on vasorelaxation in co-incubated aortic rings from naïve mice, compared to serum from control (FA exposed) mice (Fig. 4) . However, all atmospheres that contained complex emissions gases induced changes in serum that impaired relaxation ex vivo.
Additionally, PM from MVE, with co-pollutant gases removed by denudation, was also able to reduce vasorelaxation responses to acetylcholine. In terms of magnitude of response, the atmospheres MVE PM, MVE gases, wood smoke, and road dust ? MVE could not be statistically differentiated, with all inducing a 20-40 % reduction to the maximal effect in FA controls (Supplemental Fig. 1 ). Additionally, all serum applications in the ex vivo bath led to some degree of contraction from the baseline tension. Serum from mice exposed to MVE PM or road dust ? MVE induced the greatest contraction, relative to FA controls (Fig. 5 ), even at a substantial dilution, suggesting the induction of proconstrictive factors in the serum. 
Discussion
This study represents the first head-to-head comparison of inflammatory potential and vasoactivity of serum resulting from various complex pollutant exposures. Several conclusions can be inferred from the outcomes. First, a single day of exposure to these complex pollutant atmospheres in healthy C57BL/6 mice readily drove a varied bioactivity that was carried by the serum. Second, impairment of acetylcholine-induced vasorelaxation was not induced by the same serum modifications that caused inflammation, as there was very little overlap in these outcomes across different atmospheres. This suggests that specific serum compositional modifications may result from exposures to varied pollutants, resulting in divergent biological impacts. The exception to this was wood smoke exposure, which caused serum bioactivity that induced both inflammatory and vasoactivity changes. Specific differences in the responses to the atmospheres belie simplistic interpretation, but the overall bioactivity of the serum is consistent with recent studies in mice and humans [5, 10, 21] .
Divergent inflammatory effects from the three atmospheres containing road dust are the most difficult to explain. The potent induction of inflammatory chemokine transcripts by serum from road dust exposures was confirmed with serum obtained from a sensitive model (ApoE -/-mice) exposed subchronically (50 days). While it is not clear from our study design whether the serum inflammatory potential was increased by the repeated exposure or the hypercholesterolemic model, the end result is coherent with the single-day exposures. Additionally, the lack of effect of combined RD and MVE or MVE gases in both models helps to strengthen this unexpected finding.
Speculatively, one or more components of the combustion mixture could diminish the pulmonary interactions with the road dust particles, such as anti-inflammatory gases like carbon monoxide [17] . In the analysis of aortic pathological outcomes of the 50-day road dust and MVE gas exposures, we did not see protective effects, but the deleterious interactions seen between MVE gases and other particles (MVE PM, sulfate PM, and nitrate PM) were invariably more pronounced than for road dust [27] .
Serum-induced impairments in vasorelaxation were evident in four of the six atmospheres tested. Road dust alone failed to induce any changes, along with road dust ? O 3 . Serum obtained from mice exposed to O 3 at higher levels (1 ppm) induced substantial diminution of vasorelaxation to acetylcholine in a similar model, a response that did not appear to be dependent on lung inflammation but was dependent on vascular CD36 [21] . MVE PM, however, did lead to the induction of bioactivity in serum that impaired vascular responses to acetylcholine. Both MVE PM and MVE gases caused similar effects on serum in a 50-day study, but the relative potency was reversed, with MVE PM eliciting the strongest loss of relaxation [4] . The substitution of a portion of MVE PM with road dust PM in the whole MVE led to similar changes in serum bioactivity as MVE PM alone. As recently postulated [27] , combining combustion-source gases from fresh emissions with aged or secondary particles may enhance particle toxicity. Furthermore, we have confirmed the clinical relevance of diesel-induced serum bioactivity in human studies, showing not only induction of genes used in the present study (IL-8, ICAM-1, VCAM-1), but also a more complete microarray analysis of the endothelial cell response to plasma post-exposure [5, 24] . The microarray analysis noted induction of more global inflammatory pathways in the endothelial cells treated with plasma postdiesel exposure, as well as induction of transcription factors previously unassociated with air pollution effects, including FOXO4, FOXF2, and TCF3 [24] .
Wood smoke findings are relatively novel, and few studies have addressed cardiovascular health effects of biomass combustion. Epidemiological studies related to wildfires are suggestive of a possible cardiovascular effect, but roughly equal numbers of positive and negative findings reflect a high variability of exposures associated with such sporadic natural events [2] . Forchhammer and colleagues observed no adverse effects in exposed human subjects at up to 354 lg PM/m 3 wood smoke for 3 h [7] . Microvascular function assays were conducted 6 h after, and blood samples were taken at 0, 6, and 20 h after exposure for measures of oxidative stress and inflammation, with no obvious changes detected. Unosson and colleagues reported increased arterial stiffness in response to a comparable wood smoke exposure in healthy human subjects [26] , although in a follow-up study in firefighters, wood smoke exposure did not compromise vasodilatory capacity [9] . Utilizing filtration systems to reduce indoor wood smoke PM levels in participating households in British Columbia, however, significantly improved vascular hyperemic response along with a 30 % decrease in circulating C-reactive protein levels [1] . However, controlled wood smoke exposures in mice have not resulted in substantial cardiovascular toxicity [12, 25] . Thus, the current findings showing that serum contains some potentially adverse bioactivity suggest that further research may be needed to identify specific factors responsible, and possibly factors that confer vulnerability.
The value of utilizing serum from exposed mice to test the inflammatory potential on endothelial cells lies in the rigor and pertinence of the inhalation methodology. As opposed to treating endothelial cells in vitro with unjustifiably high concentrations of particulates-with no consideration of copollutants-the present approach incorporates true inhalation exposures and then exposes endothelial cells to factors that would definitely be in direct contact with the endothelium in vivo. Furthermore, the treatments are at a highly dilute manner, owing to the requisite conditions for cell culture and isolated organ techniques. We do not propose what factor(s) may be responsible for these outcomes, as thousands of biomolecules are present in the serum, and the present study is designed to assess the cumulative impact. Furthermore, the subsequent step of extrapolating the present outcomes to whole animal pathophysiology is less clear. We have recently shown that similar serum bioactivity exists in clinical syndromes, such as coronary artery disease, and clinical trials with the polyphenol resveratrol showed that reductions in serum inflammatory potential could be elicited in otherwise healthy human subjects [6] . Quantitative links between the inflammatory potential in humans and laboratory species, in addition to linkages between short-term endothelial responses and chronic inflammatory diseases, simply do not exist at present, owing to the novelty of the approach.
Overall, the findings of the present study reveal a consistent pattern of serum modifications following inhalation exposure to complex pollutants that lead to altered bioactivity. Both outcomes assessed-inflammatory pathways and impaired relaxation-are presumed to be part of a continuum of the early stages leading to atherosclerosis [22] . It was somewhat surprising that there was not more overlap between the pollutant atmospheres and serum-induced outcomes. The main gap in the present study is a lack of serum compositional characterizations to examine potential candidate molecules to drive the varied effects. However, a thorough investigation, via proteomic or metabolomic approaches, is likely to yield more candidates than can be adequately confirmed in a single study. Future research will need to link complex compositional data sets with functional assay outcomes such as were developed in the present study to better delineate causal components.
